Neurons are highly polarized cells with morphologically and molecularly distinct axonal and dendritic compartments. It is not well understood how postsynaptic receptors are selectively enriched in dendrites in vivo. We investigated the molecular mechanisms of dendritically polarized localization of a glutamate receptor, an acetylcholine receptor, and a ROR-type receptor tyrosine kinase in the interneuron RIA in C. elegans. We found that the clathrin adaptor AP-1 complex 1 subunit UNC-101 functions cell autonomously to maintain the correct localization of these receptors in a dynamindependent manner. In unc-101 mutants, instead of being dendritically enriched, all 3 receptors are evenly distributed in the axonal and dendritic compartments. Surprisingly, UNC-101 predominantly localizes to the axonal compartment, suggesting a possible transcytosis model for the dendritic targeting of neurotransmitter receptors.
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polarity ͉ trafficking ͉ glutamate receptor ͉ dendrite N eurons are polarized cells that receive, process, and transmit information. These different functions are performed by morphologically and functionally distinct subcellular compartmentsdendrites and axons-that contain proteins specialized for signal input or output. In principle, many different cellular mechanisms could contribute to molecular polarization in neurons (1, 2) . Proteins destined for the axon or the dendrite could be selectively sorted into different transport vesicles at the transGolgi network (TGN) and selectively delivered to their proper subcellular compartment. Alternatively, steady-state differences in axonal and dendritic protein distribution could be achieved by selective stabilization of proteins by scaffolding proteins at certain areas of the plasma membrane, as well as by selective sorting and redistribution following endocytosis.
What is currently known about sorting and trafficking of axonal and dendritic proteins to their proper compartments? Three axonally localized proteins, NgCAM, Nav1.2, and VAMP, are delivered to both axons and dendrites in neurons and achieve polarization following selective endocytosis from the dendritic plasma membrane (3) (4) (5) (6) . In contrast, dendritically localized transferrin receptor appears to be directly transported to the dendrite (3) . For a number of dendritically targeted proteins, structure-function analysis has revealed C-terminal tyrosine-based or dileucine-based cytoplasmic motifs that mediate dendritic targeting (7, 8) .
Interesting parallels have been made between dendritic sorting in neurons and basolateral sorting in epithelia (9) . A number of basolaterally sorted proteins localize to the somatodendritic region in cultured hippocampal neurons and rely on the same sorting sequences in both cell types (10) . One of the key players involved in basolateral sorting in polarized epithelial cells is 1B, the medium subunit of clathrin adaptor AP-1 complex (11) . AP complexes are cytosolic tetramers that mediate sorting in secretory and endocytic pathways by promoting budding of clathrin-coated vesicles (12, 13) . subunits are particularly important for sorting as they recognize sorting signals within cytoplasmic regions of transmembrane protein cargo (12) . In epithelial cells, AP-1 medium subunit 1B acts in recycling endosomes to mediate both targeting from TGN via the transendosomal route and postendocytic recycling to the basolateral membrane (14, 15) . AP complexes are important for sorting in neurons as well. A study by Dwyer et al. (16) found that AP-1 medium subunit 1/unc-101 is required for the localization of odorant receptors to the olfactory cilia in Caenorhabditis elegans, because in the absence of UNC-101, these proteins are distributed uniformly on the plasma membrane. A similar phenotype was observed for the polycystin TRPP2/PKD-2, which normally localizes to the cilia of male sensory neurons and is delocalized in unc-101 mutants (17) . A recent study showed that a disruption of another adaptor complex, AP-4, leads to the accumulation of AMPA-type glutamate receptors in axonal autophagosomes in mice (18) .
Here we show that, in addition to sorting proteins to cilia, 1/UNC-101 plays a more general role in the sorting of postsynaptic receptors to dendrites in C. elegans. These postsynaptic proteins include AMPA-type glutamate receptor GLR-1, ␣7-type nicotinic acetylcholine receptor ACR-16, and the receptor tyrosine kinase CAM-1/ROR. We show that the cytosolic domains of these postsynaptic receptors are both necessary and sufficient for their dendritic localization in a manner dependent on UNC-101. Furthermore, we find that UNC-101 localizes presynaptically, where it may be involved in the retrieval of postsynaptic proteins following endocytosis. aptic segment of RIA ( Fig. 1 C and D) . We next investigated the localization of RAB-3 and GLR-1 in various C. elegans mutants. In particular, we chose to focus on the AP-1 subunit 1/UNC-101 because of its importance for the localization of odorant receptors to cilia in C. elegans (16) and the involvement of 1B in epithelial basolateral sorting (11, 15) . We found that in animals mutant for unc-101(m1), a strong loss-of-function allele (27) , GLR-1::GFP was uniformly distributed throughout postsynaptic and presynaptic compartments (Fig. 1 F and G) , whereas mCherry::RAB-3 localization was unaffected (Fig. 1E) . We quantified this finding by comparing average fluorescence intensities in the postsynaptic and presynaptic regions of RIA and deriving a polarity index, PI (see supporting information (SI) Methods). A completely axonal protein has a PI of 0, whereas an exclusively dendritically localized protein has a PI of 1. As shown in Fig. 1H , the PI of mCherry::RAB-3 was not affected by the unc-101 mutation, whereas GLR-1::GFP distribution became unpolarized. Thus, 1/UNC-101 is required for the localization of GLR-1::GFP to the postsynaptic compartment in RIA neurons. We were unable to test the requirement for the other 3 subunits of the AP-1 complex because their RNAi leads to embryonic lethality (28).
1/unc-101 Is Required for Localization of Multiple Postsynaptic
Receptors in Several Polarized C. elegans Neurons. We next investigated whether UNC-101 is required for dendritic localization of other postsynaptic receptors in RIA in addition to GLR-1. ACR-16 is a nicotinic acetylcholine receptor (nAChR) subunit (29) , homologous to the vertebrate nAChR subunit ␣7, which localizes dendritically in cultured hippocampal neurons (30) . In RIA, the functional ACR-16::GFP construct (31) reproducibly localizes to the postsynaptic segment of the RIA process and is excluded from the presynaptic segment ( Fig. 2 A and E) . ACR-16::GFP distribution was dramatically affected in unc-101 mutants, in which it localizes both pre-and postsynaptically ( Fig. 2 B and E) .
We also examined the localization of another dendritic construct, CAM-1::YFP ( Fig. 2 C and D) . CAM-1 is a receptor tyrosine kinase that localizes somatodendrically in a number of C. elegans neurons (32, 33) . Its mammalian homologs, Ror1 and Ror2, also localize To confirm specificity of unc-101 phenotype for postsynaptic markers, we examined the localization of 2 additional presynaptic markers (35) , synaptobrevin (SNB-1::YFP) and synaptogyrin (SNG-1::YFP). The localization of these integral membrane synaptic proteins was not affected in unc-101 mutants ( Fig. 2E and Fig.  S1 A-D) , suggesting that UNC-101 is selectively required for postsynaptic protein localization in RIA neurons. Furthermore, to investigate if unc-101 phenotype is selective for RIA neurons, we observed postsynaptic marker localization in 2 other polarized neurons in C. elegans, the motor neuron DA9 and the interneuron AVE. CAM-1::YFP localization to the dendrite and proximal axon of DA9 (32) and GLR-1::YFP localization to the postsynaptic region of AVE were both disrupted in unc-101 mutants (Fig. S2) . Together, these findings show that unc-101 affects localization of postsynaptic receptors in a number of polarized C. elegans neurons.
1/unc-101 Acts Cell Autonomously in RIA Neurons to Maintain
Polarized Distribution of Postsynaptic Receptors. The mislocalization of postsynaptic receptors in RIA and other neurons could result from the loss of UNC-101 function in the neurons themselves or be a consequence of disruptions in their cellular environment. To distinguish between these 2 possibilities, we expressed unc-101 cDNA under the control of the RIA-specific promoter Pglr-3 (20) in unc-101(m1) mutants. This construct was able to fully rescue GLR-1::GFP, ACR-16::GFP, and CAM-1::YFP localization defects of unc-101 mutants (Fig. 2F and Fig. S1 E, G, and I) , suggesting that UNC-101 plays a cell-autonomous role in determining RIA polarity.
A priori, unc-101 phenotype could be explained by a developmental defect in RIA polarization, in which the dendritic fate of the RIA proximal segment is not correctly specified or postsynaptic terminals are not appropriately formed. Alternatively, UNC-101 may be required to maintain ongoing trafficking of postsynaptic receptors to the dendrite, in which case we would predict that its phenotype could be rescued even after development has been completed. To distinguish between these possibilities, we expressed unc-101 cDNA under the control of inducible heat-shock promoter (36) . The transgenic animals carrying the Phs::unc-101 construct were heat shocked for 2 h at the L1/L2 stage (at which point RIA polarity is already established), and the degree of rescue was assessed 24 h later. Phs::unc-101 construct was able to fully rescue the GLR-1, ACR-16, and CAM-1 mislocalization defects in unc-101 animals ( Fig. 2F and Fig. S1 F, H, and J) . Thus, UNC-101 is required for maintenance of postsynaptic receptor polarized distribution in RIA neurons.
Cytosolic Domains of Postsynaptic Receptors Are Necessary and
Sufficient for Dendritic Localization in RIA Neurons. subunits of AP complexes classically mediate cargo recognition by binding tyrosine-or dileucine-based sorting motifs in the cytoplasmic portions of their targets (12) . To elucidate how 1/UNC-101 regulates postsynaptic localization of its targets, we performed structurefunction experiments on GLR-1, CAM-1, and ACR-16 to identify sequences that mediate their dendritic enrichment. We hypothesized that the cytoplasmic C-terminus regions of GLR-1 and CAM-1, and the prominent cytoplasmic loop between the third and the fourth transmembrane domain of ACR-16, contain sorting information responsible for their postsynaptic enrichment (Fig. 3A) .
To test this hypothesis, we made truncated GLR-1 and CAM-1 constructs, GLR-1 ⌬876-962 and CAM-1 ⌬467-902 , which lack entire cytoplasmic C termini. We found that these truncated constructs were significantly less dendritically enriched than the full-length constructs (Fig. 3 B-D) . Thus, cytoplasmic C termini of GLR-1 and CAM-1 are necessary for postsynaptic localization in RIA neurons. To test whether the same sequences are also sufficient for postsynaptic localization, we fused them in frame with the transmembrane domain of an integrin, PAT-3 (37). When tagged with YFP, PAT-3(TM) localizes in a nonpolarized fashion to both pre-and postsynaptic domains of RIA neurons ( Fig. 3 E and L) . However, when GLR-1 and CAM-1 C-terminus regions and ACR-16 cytoplasmic loop were fused to PAT-3(TM), these constructs displayed a striking postsynaptic localization (Fig. 3 F, H , J, and L). Thus, cytoplasmic sequences of GLR-1, CAM-1, and ACR-16 are sufficient for postsynaptic targeting in RIA neurons. Finally, if 1/UNC-101 is recognizing these cytoplasmic sequences and sorting them to the postsynaptic domain of RIA, we would expect that the PAT-3 gain-of-function constructs would be mislocalized in unc-101 mutants. Indeed, when crossed into unc-101, PAT-3(TM)::GLR-1 876-962 , PAT-3(TM)::CAM-1 467-902 , and PAT-3(TM)::ACR-16 314-472 become unpolarized (Fig. 3 G, I , K, and L).
Juxtamembrane 30 aa of GLR-1 Are Necessary and Sufficient for RIA
Postsynaptic Localization. Given the importance of glutamate receptors for basal neurotransmission and plasticity in the vertebrate nervous system (38), we sought to identify more specific dendritic targeting motifs within the GLR-1 C terminus. Alignment with vertebrate glutamate receptors had previously revealed a highly conserved stretch of amino acids that immediately follow the last transmembrane domain (37) (Fig. 4A) . We hypothesized that these amino acids may be important for postsynaptic targeting of GLR-1 in RIA neurons.
To test this hypothesis, we performed further structure-function experiments and found that 30 juxtamembrane amino acids (876-905) of GLR-1 C terminus are critical for its dendritic localization in RIA neurons. PAT-3(TM)::GLR-1 876-905 construct preferentially localized to the postsynaptic domain of RIA neurons (Fig. 4  B and F) , whereas PAT-3(TM)::GLR-1 906-962 localized less well (Fig. 4 C and F) . Conversely, GLR-1 ⌬876-905 , which lacks the juxtamembrane 30 aa, was unpolarized (Fig. 4 D and F) , whereas GLR-1 ⌬906-962 , which lacks the distal portion of the C terminus tail, localized well to the RIA dendrite (Fig. 4 E and F) . These findings suggest that juxtamembrane 30 aa of GLR-1 are both necessary and sufficient for GLR-1 localization to the RIA postsynaptic region. Because subunits classically recognize tyrosine-based sorting motifs, we mutated a conserved tyrosine in the juxtamembrane region of GLR-1 into alanine (Y880A). This alteration was not sufficient to mislocalize the full-length GLR-1::GFP (data not shown), suggesting that the specific sorting motif responsible for dendritic localization of GLR-1 may be unconventional or redundant.
1/UNC-101 Localizes to Presynaptic Sites, Where It May Be Involved
in the Retrieval of Postsynaptic Receptors. To determine the subcellular site of action of UNC-101, we expressed fluorophoretagged UNC-101 in RIA neurons. This construct was functional, as it was able to rescue GLR-1::GFP mislocalization in unc-101 mutants (data not shown). Interestingly, we found that UNC-101::YFP localized to the presynaptic domain of the RIA process ( Fig. 5 A and B) . To determine if UNC-101::YFP is indeed localizing to presynaptic sites, we expressed UNC-101::YFP in the DA9 neuron, in which presynaptic sites are well segregated from each other and thus one can distinguish between axonal vs. presynaptic localization. In the DA9 neuron, UNC-101::YFP colocalized with the synaptic vesicle marker mCherry::RAB-3 ( Fig. 5 C-E) , suggesting that UNC-101 is acting at the presynaptic sites.
Localization of 1/UNC-101 to the presynaptic sites raised the possibility that UNC-101 acts postendocytically to retrieve postsynaptic receptors from the ''inappropriate'' axonal compartment. To test this hypothesis, we sought to disrupt endocytosis in RIA neurons and see if this leads to mislocalization of postsynaptic receptors. Dynamin is a mechanoenzyme that acts as a key regulator of endocytosis by pinching off clathrin-coated vesicles from the membrane (39) . To test if dynamin is required for the polarized distribution of GLR-1, we expressed in RIA neurons a dominant negative version of C. elegans dynamin, dyn-1, in which the key lysine residue in the GTP-binding site was replaced by alanine (K46A, equivalent to vertebrate K44A) (40) . Dynamin K44A has been broadly used to potently interfere with endocytosis in a variety of cell types (41) . We observed a striking mislocalization of GLR-1, ACR-16, and CAM-1 proteins to the RIA presynaptic region in DYN-1(K46A) transgenic animals (Fig. 5 F and G and Fig. S3 A  and B) , consistent with the idea that endocytosis is required for proper postsynaptic protein localization. We also measured the absolute intensity of GLR-1::GFP in RIA pre-and postsynaptic segments of wild-type, unc-101(m1), and DYN-1(K46A) animals, and found that the average intensity in RIA dendrite was not elevated in mutant animals compared with the wild type (Fig. S3C) . These findings are consistent with the idea that the observed phenotypes are not a result of an overall lack of receptor turnover in the dendrite resulting in ''spillover'' into the axon. We also investigated the consequences of absence of UNC-101 and presence of dominant negative dynamin in the same cell. unc-101 animals carrying DYN-1(K46A) transgene had polarity indices that were significantly different from wild-type animals and qualitatively similar to each of the mutants alone (Fig. S3D) . Although the interpretation of this finding is complicated by the fact that DYN-1(K46A) is a dominant-negative construct and not a null loss-of-function allele, these findings are consistent with dyn-1 and unc-101 acting in the same genetic pathway. Interestingly, DYN-1(K46A) tagged with YFP localized to the presynaptic domain in RIA in a pattern similar to that of UNC-101::YFP (Fig. 5H) , suggesting that it acts mainly at the presynaptic sites to block endocytosis of postsynaptic receptors. This is consistent with previous reports that DYN-1 localizes presynaptically in C. elegans (42) .
Our attempts at genetic loss-of-function block of endocytosis were less successful. A temperature-sensitive allele of dynamin, dyn-1(ky51), did not display a defect in postsynaptic receptor localization in RIA neurons at the restrictive temperature (data not shown). However, animals carrying this hypomorphic allele regain the ability to move after initial uncoordination at the restrictive temperature, which is never observed in the Drosophila shibire mutants (43) . This suggests that the endocytosis block in dyn-1(ky51) animals is not complete and may explain the discrepancy between our dominant negative and loss-of-function data.
We also sought to interfere with endocytosis by examining 2 additional mutants, AP-2 subunit 2 dpy-23(e840) and AP180 unc-11(e47). The vertebrate AP-2 complex has been shown to interact with the AMPA-type GluR2 receptor and mediate endocytosis of GluR2 at the postsynaptic terminals (44, 45) . A mutation in the homologue of AP-2 2 subunit, dpy-23(e840), had no obvious effect on receptor localization in RIA neurons (data not shown). However, the role of dpy-23 in postsynaptic receptor endocytosis in C. elegans has not been documented, and its role in synaptic vesicle endocytosis remains to be clarified (46) . Finally, clathrin adaptor AP180 unc-11(e47) mutants also displayed no GLR-1 polarization phenotype in RIA neurons (data not shown). This finding is surprising given the importance of unc-11 for regulating GLR-1 abundance in the C. elegans ventral nerve cord (47) (48) (49) , and may reflect cell-specific differences in the reliance on particular components of the endocytosis machinery.
Discussion
Information flow in neural circuits is subserved by anatomical and functional polarization of neurons into axons and dendrites. Though much progress has been made in understanding local cycling and dynamics of postsynaptic receptors (in particular, AMPA-type glutamate receptors) at the postsynaptic membrane (38) , less is known about global mechanisms that specify enrichment of postsynaptic receptors in dendrites in the first place. Here we use the transparent nematode C. elegans to examine postsynaptic receptor sorting in vivo and with single-cell resolution. We find that 1/UNC-101 subunit of the AP-1 adaptor complex is required for polarized localization of several postsynaptic receptors to dendrites in C. elegans. Furthermore, we present evidence showing that UNC-101 may be acting postendocytically at presynaptic sites to remove ectopic postsynaptic receptors from the axonal compartment, thus leading to their steady-state dendritic enrichment.
Our data, however, do not exclude a model in which UNC-101 also functions at the TGN to sort GLR-1-, CAM-1-, and ACR-16-carrying vesicles. Indeed, a previous study that examined the role of UNC-101 in targeting of olfactory receptors to cilia in sensory neurons proposed that UNC-101 acts as a dendritic sorter at the TGN (16). This conclusion was based on 2 lines of evidence: first, the authors observed a lack of phenotype in the hypomorphic dyn-1(ky51) mutants and in dpy-23(e840) mutants, which is consistent with our findings using the same alleles. It is possible that endocytosis needs to be severely compromised for a receptor localization phenotype to become apparent. Second, the authors performed live imaging experiments, convincingly showing that odorant receptors are trafficked from the cell body to the cilia in wild-type animals. This trafficking was abolished in unc-101 mutants, suggesting that UNC-101 plays a role in the formation of ''dendritic vesicles'' in the cell body. It is possible that UNC-101 plays a role at both of these locales, to initially direct receptors to the right location and also to maintain their enrichment there. Because it has not been reported that C. elegans neurons have a diffusion barrier between axons and dendrites comparable to the axon initial segment in vertebrate neurons (50) , active removal of postsynaptic receptors from the axonal segment would be necessary to combat lateral diffusion even in the presence of initial, TGNbased targeting. In epithelial cells, AP-1 1B subunit acts in recycling endosomes to mediate both targeting from TGN via the transendosomal route and postendocytic recycling to the basolateral membrane (14, 15) . Thus, there is precedent for a 1 subunit playing a sorting role along both secretory and endocytic pathways in the same cell type.
subunits classically mediate cargo recognition by binding to motifs in the cytosolic sequences of target proteins (12) . In agreement with this, we found that cytosolic sequences of the tested postsynaptic receptors are both necessary and sufficient for dendritic targeting in RIA neurons. Interestingly, the equivalent cytosolic sequences of their vertebrate homologues (GluR1 C-terminus region and ␣7 nAChR M3-M4 loop) are sufficient for dendritic localization in cultured hippocampal neurons (30, 51) . These findings suggest that the mechanisms of dendritic targeting may be evolutionarily conserved, which is remarkable given that C. elegans neurons are morphologically quite different from vertebrate hippocampal neurons. In addition to being smaller and simpler, 2 of the neurons used in this study (RIA and AVE) have a pseudounipolar morphology, with a single neurite that is functionally partitioned into an axon and a dendrite. Furthermore, vertebrate neurons contain the axon initial segment, which acts as a diffusion barrier between axon and dendrites and helps maintain neuronal polarity (50, 52) ; this feature is likely not found in C. elegans neurons. The evolutionary conservation even in such morphologically different cell types highlights the fundamental importance of this mechanism of dendritic targeting.
Further structure-function analysis of GLR-1 C terminus showed that the juxtamembrane 30 aa are necessary and sufficient for dendritic localization. This result is in agreement with the finding that the proximal 39 aa of GluR1 tail are sufficient for dendritic targeting in vertebrate neurons (51) . The juxtamembrane 30 aa of GLR-1 contain a proximal, highly conserved 12 aa sequence that is present in vertebrate glutamate receptors (37) . This highly conserved sequence has been found to be critical for AMPA-stimulated GluR2 endocytosis in HEK cells (53) , and for endocytosis and endocytic sorting of NMDA receptors (54) . In addition, the juxtamembrane tail portions of glutamate receptors are known to interact with actin-associated protein 4.1N (GluR1) (55), fusion-associated ATPase NSF (GluR2) (56, 57) , and the adaptor complex AP-2 (GluR2) (45) . Thus, this region of glutamate receptor C termini appears crucial for various endocytic and exocytic processes, as well as interactions with the cytoskeleton. Interestingly, distal C-terminus PDZ motifs of AMPA-type glutamate receptors have been implicated in their synaptic clustering/retention in both vertebrates (58, 59) and in C. elegans (26, 37 ). Yet, these PDZ motifs are not required for glutamate receptor dendritic targeting (51, and this study), suggesting that molecular mechanisms specifying ''global targeting'' (to the dendrite) and ''local targeting'' (to the synapse) are at least partly distinct.
Materials and Methods
Strains and Genetics. Worms were raised on OP50 E. coli seeded NGM plates at 22°C. Wild-type animals were N2 Bristol strain. The following strains were provided by the Caenorhabditis Genetics Center: DR1 unc-101(m1) I; NG2615 cam-1(gm122) II; CB840 dpy-23(e840) X; CB47 unc-11(e47) I; and CX51 dyn-1(ky51) X.
Cloning and Constructs. Plasmids and transgenic strains were generated using standard techniques (60) . Transgenic strain list and detailed subcloning information are included in SI Methods.
